This study presents an adaptation of the double-ring infiltrometer (DRI) device, which allows several infiltration experiments to be conducted at the same location. Hence, it becomes possible to use the DRI method to investigate infiltration behaviour under different initial soil moisture conditions. The main feature is the splitting of the inner ring into two parts. While the lower part remains in the soil throughout the investigation period, the upper part is attached to the lower one just before the infiltration experiment. This method was applied to eight test sites in an Alpine catchment, covering different land-use/cover types. The results demonstrated the applicability of the adapted system and showed correlations between total water infiltration and initial soil moisture conditions on pastures, independent of the underlying soil type. In contrast, no correlation was found at forest sites or wetlands. Thus, the study emphasizes the importance of paying special attention to the impact of initial soil moisture conditions on the infiltration-and consequently the runoff behaviour-at managed areas. Given the differences in the total infiltrated water of between 30 and 1306 mm, consideration of the interplay between initial soil moisture conditions, land-use/cover type, and soil properties in rainfall-runoff models is a prerequisite to predict runoff production accurately.
Introduction
Runoff generation on the hillslope scale is controlled by a variety of abiotic and biotic factors. There, the precipitation rate, vegetation cover and soil properties determine the division of rainfall into soil water gain and overland flow (e.g. Scherrer and Naef 2003, Mayor et al. 2009 ). The rate of water infiltration plays a major role because, while the infiltrated water is temporarily stored in the soil, the generated overland flow contributes directly to the discharge in streams (Cerdà 1997) . This leads, especially in small Alpine catchments, to a rapid increase in the discharge in mountain torrents (Merz et al. 2006 , Struthers et al. 2007 ). Thus, the infiltration behaviour of a site plays a key role in determining the risks involved in natural hazards (Faeh 1997) . Among factors influencing the infiltration behaviour, initial soil moisture conditions play a key role (e.g. Cerdà 1997 , Fitzjohn et al. 1998 , Liu et al. 2011 . Their influence on the infiltration rate was investigated in a variety of studies over the past few decades (e.g. Cerdà 1996 , Merz and Bárdossy 1998 , Bronstert and Bárdossy 1999 , Castillo et al. 2003 , Meyles et al. 2003 , Zehe et al. 2005 . Ceballos et al. (2002) , for example, conducted sprinkling experiments in initially dry and wet soil moisture conditions. Results showed remarkably reduced infiltration rates in initial wet conditions (about 50% on average). However, a contrasting infiltration response is possible due to factors like vegetation, aspect, and seasonal variability (Cerdà 1998) . Markart et al. (1999) , for example, report on an infiltration hindering layer (mat-grass), making the initial soil moisture conditions impact on the infiltration process almost negligible. The factors mentioned are especially true of Alpine regions with their high spatial variability of factors influencing infiltration (e.g. surface and bedrock topography, soil texture, wind patterns, land use/cover, etc.) (Penna et al. 2009 ). Sauer et al. (2005) , for example, conducted infiltration experiments in a mountainous catchment. Compared to the valley bottom, infiltration rates showed reduced values at ridge tops and hill slopes. Leitinger et al. (2010) analysed the impact of different Alpine land use/cover (LUC) types on the infiltration behaviour. While infiltration rates remained unchanged in abandoned land, decreased infiltration rates were observed in pastures by the end of the grazing period. The authors attributed this behaviour to freezing and thawing cycles during winter, leading to a 'recovery' of the soil structure and, consequently, to increased infiltration rates in spring. However, like many other studies (e.g. Scherrer and Naef 2003) , the authors focused on grassland, while other LUC types (e.g. forest, wetland) remained uninvestigated.
During the last century, a variety of field methods was developed to investigate infiltration behaviour. Youngs (1991) gave an overview of the most common methods: rainfall simulator, tension infiltrometer and ring infiltrometer. Since they all have their advantages and disadvantages, method development is still an ongoing process (cf. Mao et al. 2008) . A common method is the use of a doublering infiltrometer (DRI) (e.g. Tricker 1978 , Kumke and Mullins 1997, Arriaga et al. 2010) . Its advantages primarily are its simple, fast and cheap production and usage, as well as low water consumption. Thus, it is possible to carry out a large number of measurements within a short time. Moreover, it is a repeatable and direct measurement technique to investigate the infiltration behaviour of different soil surfaces (e.g. Cerdà 1999 ). The generally known concept is explained, for example, by Youngs (1991) . However, like any other field method, the use of a DRI also has certain limitations, such as the following:
• Demounting the DRI exposes the soil to high kinetic forces, leading to soil surface destruction. Owing to the high soil moisture content after the infiltration experiment, this effect is intensified by reduced soil stability.
• The relatively small plot size (0.15-0.3 m) (Yimer et al. 2008 , Arriaga et al. 2010 , in combination with the high spatial heterogeneity of soils (Merzougui and Gifford 1987, Harden and Scruggs 2003) , lead to measurements strongly affected by local soil properties, thus showing a high local variability (e.g. Kumke and Mullins 1997) .
• Concerning the ideal water head level, a variety of values can be found in the literature (0.04−0.2 m) (Kumke and Mullins 1997 , Harden and Scruggs 2003 , Yimer et al. 2008 . Owing to the fact that the water head is artificial, however, they all overestimate the infiltration rate (e.g. Youngs 1991) , making it difficult to compare the observed infiltration rates with those from a rainfall event.
Owing to the first limitation that was mentioned, it is hardly possible to repeat infiltration measurements with DRI devices at different points in time. However, in order to evaluate the impact of initial soil moisture content, the infiltration rate has to be repeatedly determined at exactly the same position. Hence, a study design is suggested that minimizes soil structure damage and may help to considerably reduce the above-mentioned limitations.
Investigations were conducted under three different initial soil moisture conditions at eight test sites, covering different LUC types of an Alpine catchment. Further, sprinkling experiments were carried out at the DRI plots to quantify the impact of the artificial water head on the infiltration rate.
The following hypotheses were tested:
• The application of the modified system makes it possible to use the DRI method to investigate the infiltration behaviour under different initial soil moisture conditions. • Initial soil moisture conditions have a major effect on the infiltration rate.
• Different LUC types show different impacts of the initial soil moisture conditions on the infiltration behaviour.
• Compared to a sprinkling experiment, the use of an artificial water head during the DRI experiment leads to a distinct increase in the infiltration rate.
Study site
The study was carried out in a small Alpine catchment, called the Brixenbach Valley, within the municipality of Brixen im Thale. It is situated in the Kitzbüheler Alps, about 10 km west of Kitzbühel (Tyrol/Austria) (Fig. 1) . The catchment has a south-north orientation, with an average slope of 29°. Altitudes range from 818 m to 1956 m a.s.l. The catchment area (about 9 km 2 ) is dominated by spruce forests and Alpine pastures with some hay meadows in the lower parts. Dominant soil types are Leptosols, Cambisols and Podzols. The region is characterized by an Alpine climate with an average annual precipitation of 1360 mm. The annual average temperature is 6.3°C with the lowest monthly value in January (−3.4°C) and the highest in July (15.8°C) (reference period 1981-2010; Department of the Tyrolean Regional Government-Hydrographic Service of Tyrol). Eight test sites were prepared within the catchment. The site selection was based on the representation of the dominant LUC type (Alpine pasture, forest), the underlying geology (silicate, dolomite), the soil type (Cambisol, Podzol, Rendzic Leptosol) and the expected infiltration behaviour within the catchment. The expected infiltration behaviour was ascertained by using the scheme of Scherrer and Naef (2003) . It uses the hydrological characteristics of the soil surface and of the most relevant soil layers to identify the dominant runoff processes and, consequently, the infiltration behaviour as well.
The test sites were situated at different elevations and covered the following LUC types-pasture sites on a Cambisol, pasture site on a Rendzic Leptosol, wetlands, and forests (Table 1) .
Pasture sites on a Cambisol (C1, C2, C3)
Sites C1 and C2 showed very similar characteristics. The soil type was a Cambisol with a silty and loamy soil texture. The gravel content in the topsoil layer was quite low (below 20%), but increased with depth to above 40%. Larger differences were observed for bulk density, indicating a higher pore volume in the uppermost 0.12 m for C1 than for C2 (bulk densities of 0.72 g cm -3 and 0.97 g cm -3 , respectively). In deeper layers, however, C1 showed a higher bulk density than C2 (1.60 g cm -3 vs 1.20 g cm -3 ). Site C3 was situated at the transition zone from a dolomitic talus fan to siliceous sediments. This topographical location was reflected in the soil structure of the sandy and silty Cambisol, showing gravel contents of up to 80%. Bulk density, however, was high at all depths (1.60 g cm -3
).
Pasture site on a Rendzic Leptosol (L1)
Around 25% of the catchment is characterized by Leptosols developed over consolidated and unconsolidated dolomitic material (Fig. 1) . While most of these areas are covered by forests, some are agriculturally used as pastures. In the latter, a high infiltration rate was expected due to the shallow soil over highly permeable material in deeper zones (Scherrer et al. 2007 ).
Wetland sites (W1, W2)
Besides the wet soil moisture conditions (Table 1) , the sites stood out for their high organic matter (W2 > 30%). Although the soil at W1 held just a small amount of organic matter, it was covered by an organic layer of about 0.06 m thickness, generally leading to reduced infiltration rates (Markart et al. 1999) . The soil type of both sites was a Podzol with a sandy loamy soil texture.
Forest sites (F1, F2)
Around 50% of the catchment is covered by forest (mainly Picea abies). These areas were represented by the test sites F1 and F2. Both sites were situated on a Cambisol, characterized by a low bulk density at the uppermost layer (<0.8 g cm -3
), but increasing with depth. Major differences between the two test sites were the finer soil texture of F1 at the uppermost soil layer (silt loam vs sandy loam) as well as the undergrowth. While at F2 the soil surface was primarily covered by needle litter, at F1, it was dominated by ferns and moss.
Methods

DRI design
The main feature of the new DRI design was the splitting of the inner ring into an upper part with a height of 0.2 m and a lower part, which was 0.1 m high (Fig. 2) . While the lower part was permanently installed in the soil over the entire investigation period, the upper part was only mounted on the lower part directly before the measurement, and removed afterwards. The top edge of the lower part was at the surface level. Owing to the permanent fixation of the lower part, topsoil destruction caused by the ring extraction after the infiltration experiment was avoided. For mounting the upper part on the lower one, a 0.002-m-thick, tightly closing rubber cuff was used. Further, two metal clamps were fixed around the rubber cuff to ensure tightness. Both inner ring parts were cut from plastic pipes (diameter 0.2 m, material thickness 0.004 m). The outer ring of the DRI was an ordinary iron steel ring with a diameter of 0.4 m and a height of 0.25 m. For the purpose of measurement, it was driven about 0.05 m into the soil. The installation of the lower parts of the inner ring was carried out approximately 1.5 months before the first measurements in order to enable the sealing of eventual cracks along the soil-ring interface by soil swelling or clogging during precipitation events. To facilitate installation of the relatively thick plastic ring, a 0.001-m thin iron ring was used to pre-drill a notch. Additionally, the plastic rings had been sharpened at the bottom. 
Field measurements
DRI measurements
To consider the spatial heterogeneity of the infiltration behaviour (e.g. Harden and Scruggs 2003), each site was equipped with three infiltrometer rings (DRI A, B, C) permanently placed in the soil. As it was mandatory to fix the ring tightly in the soil to conduct reliable DRI experiments, the chosen installation depth was 0.1 m, i.e. a 0.02-to 0.05-m larger insertion depth than in most other studies (e.g. Kumke and Mullins 1997 , Bodhinayake and Cheng Si 2004 , Chowdary et al. 2006 . As a consequence, lateral flow in the uppermost 0.1 m was also avoided. The locations of the DRI had to cover the site's spatial heterogeneity, taking into account factors such as vegetation cover, soil moisture conditions, and the impact of grazing (Yimer et al. 2008 , Mayor et al. 2009 , Penna et al. 2009 ). Considering these factors, the three DRIs were installed within an area of 15 m diameter. Furthermore, at each test site, a soil profile was dug and soil samples were taken. Owing to the generally high gravel content in the deeper layers, only disturbed soil samples could be taken from each soil horizon. Additionally, undisturbed cylinder samples (one per site, diameter 0.1 m, height 0.12 m) were taken from the uppermost 0.12 m and analysed for bulk density. In the deeper layers, bulk densities were estimated at the profile in accordance with FAO (2006) .
The impact of initial soil moisture conditions on the infiltration behaviour was determined by conducting infiltration experiments (duration of 60 min, measurement interval of 1 min) under three different initial soil moisture conditions (dry, medium and wet). Initial and final soil moisture conditions were measured with a handheld soil-moisture-measurement device (Delta-T ThetaProbe ML2x, average of six measurements). Moreover, at each site, a soil moisture sensor (Delta-T ThetaProbe ML2x, using standard mineral soil parameters) was installed next to each DRI (horizontally and at a depth of 0.1 m) to monitor the general soil moisture conditions (Table 1) .
The dry run was performed at soil moisture conditions close to the permanent wilting point. The medium run was carried out 2-4 days after the last rainfall event, enabling the soil moisture to level out at field capacity (cf. Veihmeyer and Hendrickson 1931) . Compared to the dry and medium runs, wet conditions were produced with artificial sprinkling in order to guarantee comparable conditions at all sites. Each DRI plot was sprinkled immediately before the infiltration experiment for 60 min at an intensity of 100 mm h −1
. Irrigation was performed with a simplified sprinkling device. A bucket with tiny holes at the bottom was installed about 0.1 m above the soil surface, covering the installed DRI and its surrounding area. The irrigation rate was regulated by the number of holes.
The measurements described above are subsumed in field campaign 1 (Camp 1). To test the applicability of the adapted method over a longer period, a second field campaign (Camp 2) was conducted in 2011.
Sprinkling experiments
As already mentioned, a major disadvantage of DRI experiments is the overestimation of the infiltration rate due to the artificial water head at the soil surface. If DRI measurements are used to assess a site's disposition to produce Hortonian overland flow, this overestimation hardly has any effect on the evaluation of wetlands because of the very small infiltration rate, which is, in any case, mostly less than the precipitation intensity. In contrast, the investigated forest sites showed extremely high infiltration capacities, excluding the generation of Hortonian overland flow. At the pasture sites, however, an overestimation of the infiltration rate might result in a misinterpretation of runoff behaviour. In order to assess possible magnitudes of error, sprinkling experiments were conducted at the test sites C1-C3 and L1. By comparing the amount of total infiltrated water (TIW) in both methods, a quotient was derived for each DRI, describing the impact of the artificial hydraulic head during the DRI experiment. Since soil moisture deficits (SMDs, differences in the soil moisture content measured before and after the infiltration experiment) during the sprinkling experiments were comparable to those of the dry run of the DRI experiments, the dry run results were used for comparison. The sprinkling device used (plot size 1 m 2 ) was designed by the Department of Natural Hazards (BFW) (Innsbruck, Austria) and is comparable to other products (e.g. sprinkling device of Eijkelkamp, Giesbeek, the Netherlands (2014)). The sprinkling device was positioned centrally above the DRI plot. To avoid increased infiltration along the interface between the soil and the permanently installed lower part of the inner DRI ring, the interface was sealed with modelling clay. The plot was irrigated at an intensity of about 100 mm h -1
, corresponding approximately to a heavy rainfall event in the Brixenbach catchment with a periodicity of 100 years (eHYD 2014). Owing to the small plot size, it was possible to determine the local runoff behaviour at the DRI plot and its nearest environment. For that, a gutter was created in a trench at the lower part of the sprinkling plot to collect the generated surface runoff and pipe it to a calibrated vessel. Similarly, in the DRI experiments, the sprinkling duration was set to 60 min, allowing a comparison to be made between the TIW measurements of the two methods.
Dye tracer experiments
In a final step at the end of Camp 2, dye tracer experiments were carried out at each DRI to obtain an insight into the water flow beneath the installed DRIs. For this, every DRI was filled with 200 mm of a dye tracer (Brilliant Blue FCF, 3 g L -1
). The following day, the total DRI was removed, including the lower part of the inner ring. A profile was dug later to capture the flow paths. The digital analyses of the captured pictures were done in the same way as those mentioned by Hardie et al. (2011) . Owing to high root density, no interpretable profile was obtained at F2.
Results and discussion
Applicability of the DRI design
A major advantage of the new DRI design was the permanent fixation of the lower part of the inner ring in the soil over the entire investigation period. As the installed rings need no specific protection, the management of the sites was not influenced. However, during Camp 1, two rings were lost as they were trampled by a cow. The influence on vegetation was very low as well. Visual checks showed a reduction of mat-grass solely at site W1. To compare the outcomes of the two field campaigns, the ratio of TIW during Camp 2 and Camp 1 was calculated. This was done for each installed DRI at each initial condition (dry, medium and wet) (Fig. 3) . Since no infiltration experiments were carried out in the forests during Camp 2, no ratios were derived for these sites. The majority of ratios exceeded the reference value of 1. Thus, at most test sites, a remarkable higher amount of water infiltrated during Camp 2 than during Camp 1. Only at the pastures C1 and C2, was the TIW during Camp 2, on average, almost equal to that of Camp 1. Thus, results from Camp 1 could not be reproduced during Camp 2, with the exception of pastures C1 and C2. Visual site inspection and the dye tracer experiments showed that some rings had become loose at the time of Camp 2. This could be attributed to freezing and thawing cycles (Leitinger et al. 2010 ) during winter, leading to the creation of cracks, especially along the soil-ring interface. Thus, it is recommended that the measurements should be carried out within one frost-free period for reliable results.
Camp 2 showed altered infiltration behaviour after the winter season. Based on these findings, the results of the wet run of Camp 1, carried out 1 year after the dry and medium runs, also had to be checked. This was done by analysing the final infiltration rates. As has been well established (e.g. Chowdary et al. 2006) , the final infiltration rate within an experiment lasting 1 h during a wet run is, in general, lower than during a dry one. This can be explained by higher initial soil moisture content, leading to saturated conditions earlier. Thus, it was assumed that no remarkable disturbances had occurred at sites with a lower final infiltration rate during the wet run than during the dry and medium ones. In contrast, changes in the general infiltration behaviour are to be expected at higher rates. This, however, was only the case for DRI C at site L1. Therefore, the results of all but one measurement from Camp 1 were used for further evaluation. However, it has to be taken into account that the presented values for the wet run might slightly overestimate the real TIW values. Thus, results from the wet measurement of 2010 are treated cautiously.
DRI experiments
Concerning initial soil moisture during the DRI experiments, it was possible to get well-defined initial conditions at most sites (Fig. 4(a) ). At the forest sites, Figure 3 . Ratio of the amount of TIW of field campaign two (Camp 2) and field campaign one (Camp 1). Above a ratio of one (dotted horizontal line), the infiltration rate during Camp 2 was higher than during Camp 1. Since no infiltration measurements were carried at the forest sites during Camp 2, they are not displayed in the graph. The horizontal lines within the boxes represent the median value for each site. The upper and lower edges show the interquartile range. Ratios outside that range are illustrated as circles. The x-symbols show the average value for each site.
especially F1, almost identical initial soil moisture conditions were observed during the dry and medium runs. This was due to the low field capacity (coarse soil texture), evapotranspiration and the impact of interception. According to Viville et al. (1993) , spruce forests are able to store up to 7.0 mm of precipitation. Thus, a high proportion of precipitation in the days before the DRI experiments was stored in the canopy and did not contribute to a soil moisture increase. Like the forest sites, the dry and medium runs at L1 were also conducted at comparable initial soil moisture conditions. This can be attributed to the high permeability of soil, resulting in a fast drying of the soil surface.
4.2.1 Pasture sites on a Cambisol (C1, C2, C3) At the pasture sites on a Cambisol, infiltration experiments were carried out under well-defined initial soil moisture conditions (Fig. 4(a) ). These differences were also reflected by the observed TIW values. While the TIW during the dry run was 350 ± 210 mm, it decreased during the wet run to 108 ± 69 mm, showing a reduction of 69%. Similar observations were made by Scherrer et al. (2007) for a meadow situated on a Cambisol in the Swiss Alps. The medium run also showed the expected behaviour. The observed TIW (146 ± 84 mm) was situated at all three test sites between the dry and the wet runs.
In detail, topsoil at C2 had a higher bulk density than at C1. Nevertheless, at C2, the highest average TIW was measured of all three sites (cf. Fig. 4(b) and Appendix, Table A1 ), although the topsoil at C2 had a higher bulk density than at C1. It was assumed that this behaviour was due to a large number of macropores in the uppermost layer, enabling a bypassing of water into the deeper zones (e.g. Bronstert 1999 , Weiler and Naef 2003 , Schmocker-Fackel 2004 . There, a lower bulk Table A1 .
density as well as a coarser soil texture facilitated the infiltration process. This assumption was substantiated by the results of the dye tracer experiments, showing at C1 a clear concentration of the tracer in the uppermost 0.1 m (Fig. 5) . In the layers below, the proportion of stained areas decreased sharply with depth and was controlled by single macropores. At C2, in contrast, a high proportion of the soil in the uppermost layer remained unstained after the tracer experiments, indicating a high bulk density. However, an increase of stained areas between 0.2 and 0.3 m substantiated the assumption of water transport via macropores into deeper and more permeable layers. At C3, the TIW was on an average lower than at C1 and C2 (Table 2) . This was primarily due to the high bulk density at all depths and the fine soil texture in the uppermost layer (Table 1) . Thus, no water was piped into deeper and more permeable zones, as had occurred at C2. The dye tracer experiments also showed the lowest infiltration depths of all three pasture sites (0.15 m).
Nevertheless, statistically, the impact of initial soil moisture conditions on the infiltration behaviour for the pasture sites was rather low (coefficient of determination (R 2 ) = 0.38). It can be assumed that the calculated value underestimates the real impact of initial soil moisture conditions. This can be explained by one of the major limitations of DRI experiments-as the plot size of a DRI is small, measured infiltration rates generally show a high spatial variability (e.g. Merz et al. 2002) . Consequently, it may so happen that a DRI, located on a highly permeable location, shows a higher infiltration rate under wet initial conditions than another DRI at drier conditions. An example of this was test site C1, where the TIW of DRI B during the wet run was higher than at DRI A during the dry run (Appendix , Table A1 ). In general, however, a correlation between initial soil moisture conditions and the infiltration behaviour can be stated for the pasture sites on a Cambisol.
Pasture site on a Rendzic Leptosol (L1)
Compared to the sites C1 to C3, DRI experiments at L1 showed remarkably increased infiltration rates. Measured TIW values were 909 ± 475 mm (dry), 696 ± 153 mm (medium) and 261 ± 153 mm (wet) ( Table 2) . Thus, even during the wet run, more water infiltrated than at test site C3 under initially dry soil moisture conditions (Appendix , Table A1 ). Furthermore, an uneven distribution was observed between the several runs. While the difference between the dry and medium runs was low, the wet run showed remarkably reduced TIW values (Table 2 ). This behaviour was attributed to the coarse soil structure, leading to a low storage capacity. The characteristics of the topsoil, however, would have led to the expectation of lower infiltration rates. Soil texture was quite compact (bulk density of 1.00 g cm -3
) and had high silt content. However, similar to C2, the dye tracer profile indicated a high proportion of macropores (Fig. 5) , enabling a bypassing of water into deeper and highly permeable layers. Moreover, similar to the sites C1-C3, an impact of initial soil moisture conditions on the infiltration behaviour was also seen at L1. The R 2 at that test site was 0.53, the highest value of all investigated test sites.
Wetland sites (W1, W2)
As expected, the wettest initial soil moisture conditions were observed at the wetland sites. SMD values ranged from 0.01 ± 0.01 m 3 m -3 during the wet run to 33 ± 22 m 3 m -3 during the dry run ( Table 2 ). The high standard deviation can be explained especially by the behaviour of DRI B at site W2. Owing to its slightly higher location on a little hill (vertical difference to the two other DRI approx. 2 m), the plot showed generally higher SMD values and, consequently, higher infiltration rates (Appendix , Table A1 ). Nevertheless, even at that DRI plot (maximum TIW of 169 mm h -1 ), a lesser amount of water infiltrated, compared to the average values of the pasture sites. Concerning the general infiltration behaviour, the wetland sites showed the lowest infiltration rates of all investigated LUC types in the catchment. The TIW values ranged from 30 ± 24 mm in the wet run to 52 ± 59 mm in the dry run. Thus, due to these low TIW values under ponded conditions, it was assumed that during a rainfall event of higher intensity, almost all precipitation contributes to surface runoff formation.
In general, both test sites showed comparable TIW values. However, the infiltration-influencing factors were quite different. At W1, the key factors were a high bulk density at all depths, a low proportion of macropores (low bioturbation) and mat-grass (Nardus stricta)-dominated vegetation. As described in the literature (e.g. Markart et al. 1999) , mat-grass accumulates a high amount of necromass at the soil surface, leading to significantly reduced infiltration rates. Similar observations are reported by Scherrer et al. (2007) for several test sites in the Austrian and Swiss Alps. Besides, these assumptions were substantiated by the dye tracer experiments. At W1, the dye tracer was located primarily in the uppermost 0.06 m, corresponding to the depth of the mat-grass layer (Fig. 5) . In deeper layers, no remarkable staining was detected.
At W2, the lowest SMD was seen among all the test sites (Fig. 4(a) ). However, the TIW exceeded that of W1, which was explained by the lack of an infiltrationreducing organic layer at W1. However, the values observed at W2 were also quite low, which was explained by the almost saturated initial soil moisture conditions. Moreover, dye tracer experiments indicated a fine soil texture and almost no macropores in the uppermost 0.1 m. However, the stained areas increased in the deeper zones. This was attributed to cracks along the soil-ring interface occurring after the second winter, enabling the water to bypass into deeper and coarser layers.
Regarding the impact of initial soil moisture conditions on the infiltration behaviour, the wetland sites revealed no correlations (R 2 = 0.01). Although infiltration experiments were carried out at well-defined initial soil moisture conditions at both test sites (Fig. 4(a) ), no changes were detected in the infiltration behaviour (Fig. 6(c) ). Again, at W1, this was due to the hydrophobic mat-grass layer and the compact and moist soil, prohibiting almost any infiltration. At W2, in contrast, the low correlation was due to the almost saturated soil moisture conditions. Under ponded conditions, the low available pore volume was filled up within the first minutes of the DRI experiment, leading, for an investigation period of 60 min, to very similar TIW values (Appendix ,  Table A1 ).
Thus, at the wetland sites, no impact of initial soil moisture conditions on the infiltration behaviour was detected.
Forest sites (F1, F2)
At the forest sites, the highest TIW values (up to 2068 mm) were measured of all investigated LUC types. Similar values were reported by Conedera et al. (2003) for a forest test site in the Swiss Alps. At F1 and F2, observed TIW values were on an average 6 ± 2-times higher than at the pasture sites C1-C3 (cf. Table 2 ). Compared to the wetland sites, the TIW increased 26 ± 1 times on an average. These ratios were primarily attributed to the impact of root activity (Falkenmark and Rockstrom 2004) , leading to a coarse soil texture (Table 1 ) and consequently to a fast water transport into deeper zones. Watson and Luxmoore (1986) conducted infiltration experiments under ponded conditions at forest sites and showed that 73% of the infiltrated water was transported through macropores. In the present study, dye tracer experiments indicated the high impact of gravimetric flow during the infiltration process, showing a high spatial distribution of the dye tracer at all the investigated depths (Fig. 5) . Moreover, compared to other forested test sites (Harden and Scruggs 2003, Badoux et al. 2006) , the TIW values showed a high spatial variability. In general, the TIW increased with the decreasing distance to the next tree, which was attributed to a coarser soil texture caused by root activity. DRIs were situated between 2.5 and 6 m to the next tree. Additionally, the litter layer below the canopy prevents soil compaction and leads to an increased infiltration rate by promoting the soil particle aggregation (Harden and Scruggs 2003) .
Regarding the impact of initial soil moisture conditions on the infiltration behaviour, no clear correlation was found at the forest sites (R 2 = 0.18) (Fig. 6(d) ). While some plots showed a clear correlation (e.g. DRI A and DRI C at F1), at others (e.g. DRI A, test site F2) no impact was observed at all (Appendix , Table A1 ). DRI A at test site F2, for example, showed a constant TIW value of 2054 ± 19 mm during all three runs. Again, the reason lay in the location of the different DRI plots. The impact of initial soil moisture conditions on the infiltration behaviour increased with increasing distance from the trees. This was attributed to the low water-storage capacity of the organic layer (litter layer) (Bergkamp 1998 ) and the dominance of macropore flow (gravimetric flow) (Watson and Luxmoore 1986) in the area surrounding trees. Thus, the present study emphasizes the importance of forested sites concerning the runoff behaviour at the catchment scale. Because of their generally high infiltration capacity, a high amount of precipitation is stored in the soil, contributing to delayed runoff generation. Furthermore, high evapotranspiration rates and a low field capacity lead to a fast drying of soil (e.g. Fohrer et al. 2001) (Fig. 4(a) ), making forested sites a very important factor in flood protection.
Sprinkling experiments
As for the spatial distribution of the infiltration behaviour, results of sprinkling experiments confirmed observations made during the DRI experiments (Table 3 ). In detail, during the DRI experiments, DRI B showed a remarkably lower TIW than the two other DRIs at that site. Similar observations were made during the sprinkling experiments. The only outlier was detected at site C1. During the DRI experiments, the TIW at DRI B was three-to four-times higher than at the other rings. During the sprinkling experiments, however, the TIW at all three plots showed similar values. This deviation was attributed to the different plot sizes used in the two methods. Owing to its size of 1 m 2 , the sprinkling device also covered the area surrounding the installed DRI. It was thus assumed that the high infiltration rates measured during the DRI experiment were associated with very local soil structural features (e.g. mouse holes or cracks) below the installed DRI.
Regarding the impact of the artificial water head on the infiltration rate, the sprinkling experiments conducted showed remarkably lower infiltration rates than the DRI experiments. The lowest ratios between the two methods (DRI/sprinkling device) were derived for test site C1 (1.3 and 1.9, respectively). For the other sites, ratios between 2.3 and 7.2 were calculated, corresponding to literature values (between 2.0 and 8.0) (Merzougui and Gifford 1987, Cerdà 1996) . The low ratios at C1 were attributed to the following: first, under ponded conditions, macropore flow is initiated within the first minute of the infiltration experiment (Merz et al. 2002) . This leads, apart from the generally overestimated infiltration rates under ponded conditions (hydrostatic pressure) (e.g. Wu et al. 1997 , Sauer et al. 2005 , to a further increase in the infiltration rate. At C1, however, the proportion of macropore flow was marginal (Fig. 5) . Secondly, C1 showed, in the uppermost 0.12 m, by far the lowest bulk density of all investigated pastures (0.72 g m -3
) ( Table 1 ). Below 0.12 m, bulk density increased abruptly to 1.60 g m -3
. Furthermore, due to the low proportion of macropores, no water transport was possible into deeper and highly permeable layers. Consequently, the TIW was primarily regulated by the storage capacity of the uppermost soil zone (Fig. 5) . In general, under ponded conditions (DRI experiments), the available storage capacity was filled earlier than during the sprinkling experiments. However, it can be assumed that due to the coarse topsoil, infiltration rate during the sprinkling experiment was also sufficient to fill the available pore volume. This assumption was substantiated by the conducted sprinkling experiments, which showed, for C3, the lowest runoff coefficients of all pastures situated on a Cambisol by far (2-6%) (Table 3) .
Effects of initial soil moisture conditions and LUC on infiltration behaviour in Alpine environments
Results of the DRI experiments support observations from other studies carried out in Alpine regions (e.g. Penna et al. 2011 , Ruggenthaler et al. 2015 . Ruggenthaler et al. (2015) conducted sprinkling experiments at different initial soil moisture conditions and a threshold near-field capacity was observed, leading to significantly higher maximum runoff and total runoff. However, distinct behaviour depending on the dominant runoff processes was reported. Furthermore, consistent with observations made in this study (test site L1), the infiltration of the total applied water even for highest initial soil moisture was found.
However, this impact depended on a variety of factors such as soil structure or vegetation type. Specifically in this study, coarse soil types showed a low impact, which was attributed to the increased importance of macropore flow. Thus, initial soil moisture conditions of the soil matrix seemed to be of minor importance. However, even on coarse-textured soil, only a low amount of water infiltrates if the soil is covered by vegetation layers which hamper infiltration. This statement is substantiated by the results from Scherrer et al. (2007) , who observed the lowest infiltration rate at sites with very coarse soil texture. The authors attributed the low rate to the impact of the mat-grass layer, leading to a sort of thatch-roof effect (Markart et al. 1999) .
The investigated LUC types showed different correlations between initial soil moisture conditions and the infiltration behaviour. At wetlands and forested sites, initial soil moisture conditions played an inferior role, which coincides with the results of Norbiato et al. (2009) . Similar to their observations, at sites with a low Thus, compared to the forested sites, the infiltration process was also regulated by the matrix flow in the uppermost layer and the soil moisture stored within. Similar to other investigations, focusing on the Alpine regions (e.g. Leitinger and Ruggenthaler et al. 2015) , this study strengthens the importance of paying specific attention to managed areas. In comparison to the other investigated LUC types, at pastures the TIW (30-1306 mm) was highly influenced by the initial soil moisture conditions. Therefore, for this LUC type, in particular, a realistic representation of the interplay between initial soil moisture conditions and soil properties in rainfallrunoff models is a prerequisite to predict runoff production at the catchment scale accurately. Leitinger et al. (2010) also report on increased surface runoff for pastures and, in addition, seasonal dynamics have to be taken into account. This is especially true for small Alpine catchments where topographical characteristics (steep terrain, short flow paths) lead to fast and direct contribution of the generated runoff to the runoff formation in the torrent.
Conclusion
The adapted DRI was successfully applied to investigate the impact of initial soil moisture conditions on the infiltration behaviour. The following conclusions can be drawn:
• The adapted DRI device is applicable to the investigation of the infiltration behaviour at the plot scale over longer periods of time and, consequently, under different initial soil moisture conditions. The DRI device was tested in an Alpine environment. Here limitations were observed for periods with freezing and thawing cycles, which led to increased infiltration rates due to cracks around the permanently installed rings. When applying the device in altered climatic conditions (e.g. arid regions), further limitations might occur, such as cracks along the ring-soil interface, caused by shrinking and swelling processes.
• Infiltration rates decreased with increasing soil moisture. However, this correlation was influenced by several factors, such as a vegetation cover which hampers infiltration or almost saturated initial soil moisture conditions. Furthermore, the soil structure played a major role; sites with a very coarse (high gravimetric potential) or a compact structure (low TIW) revealed lower correlations.
• The impact of initial soil moisture conditions on the infiltration behaviour depended strongly on the LUC type. While a correlation was found for the investigated pasture sites, regardless of the underlying soil type, initial soil moisture conditions had a low impact at the wetlands and forest sites.
• The TIW measured with the DRI exceeded the TIW from sprinkling experiments 1.3-7.2 times. These findings highlight the impact of the artificial water head on the infiltration process, leading to overestimated infiltration rates, using the DRI method. Furthermore, by comparing both methods, it was possible to show, that the calculated factor between both methods highly depends on the macropore flow. The factor decreases with decreasing macropore flow.
The sensitivity of the infiltration rate to initial soil moisture conditions and, thus, runoff generation depends strongly on the site's characteristics (vegetation, soil, geological substrate). Despite the known problems related to the use of the DRI method (spatial heterogeneity of the results, overestimation of the infiltration rate due to the hydraulic head), the adapted DRI device can help to identify sensitive parts of a catchment quickly and efficiently. Subsequently, it also helps to assess the bandwidths of the runoff reaction on precipitation events at different initial conditions. Table A1 . Measured parameters during field campaign one (Camp 1). Parameters are SMD (difference of the soil moisture content measured before and after the infiltration experiment), average SMD for each run (SMD Run ), infiltration rate within the first 10 min (I i ), final infiltration rate (I f ), amount of TIW and the average TIW for each run (TIW Run 
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